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(54) Tire air pressure detecting device 

(57) It is an object of the present invention is to 
detect a tire air pressure indirectly, and to improve a pre- 
cision in detection. 

A tire air pressure detecting device includes a 
speed sensor for outputting a signal corresponding to a 
rotational speed of a tire, and an electronic control unit 
which inputs the signal therein from the speed sensor to 
perform predetermined arithmetic operations. The elec- 
tronic control unit calculates a wheel speed on the basis 
of the output signal of the speed sensor, and performs a 
frequency analysis for the calculated vehicle speed so 
as to derive the a resonance frequency of the unsprung 
mass in the upward, downward, forward and backward 
directions. Then, on the basis off this resonance fre- 
quency, the tire air pressure is detected. 
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Description 

TECHNICAL FIELD 

The present invention relates to a tire air pressure detecting device for detecting a condition of air pressure of a 
vehicular tire. 

BACKGROUND ART 

Conventionally, as a device for detecting a tire air pressure, there has been proposed a device for directly detecting 
air pressure of a tire by providing a pressure responsive member which is responsive to air pressure within the tire. 
However, in case of the device to directly detect the air pressure of the tire, problems are encountered in thai, since the 
pressure responsive member has to be provided within the tire, the construction becomes complicated and cost 
becomes high. 

Therefore, there has also been proposed a device for indirectly detecting the air pressure of the vehicular tire on 
the basis of a detection signal of a wheel speed sensor which detects a wheel speed of each wheel by utilizing the fact 
that the radius of the tire is varied (becomes shorter) when the air pressure of the tire is lowered. 

However, the radius of the tire, as an object to be detected, may be affected by a difference in each tire due to wear- 
ing as well as by a traveling condition such as cornering, braking, starting or so forth. Furthermore, radial tires, have a 
small deformation magnitude in the tire radius depending upon a change of the tire air pressure. (For instance, when 
the tire pressure is lowered in the extent of 1 Kg/cm^, the deformation magnitude of the tire radius is approximately 1 
mm.) In such reason, the method for indirectly detecting the tire air pressure, based on tiie deformation magnitude in 
the tire radius, encounters a problem in that it cannot certainly provide sufficient detecting precision. 

The present invention has been worked out in view of the problems set out above and has an object to provide a 
tire pressure detecting device wvhich detects the tire air pressure indii^ectiy with improved detecting precision. 

DISCLOSURE OF THE INVENTION 

In order to accomplish the above-mentioned object, a tire air pressure delecting device, according to the present 
invention, detects tiie air pressure of a tire by extracting a signal containing a vibration frequency component of the tire 
and discriminating variation of a vibration frequency pattern of the tire on the basis of the signal containing the tire vibra- 
tion frequency component. Namely, when the air pressure of the tire varies, the associated spring constant of the tire 
also varies. Since the tire vibration frequency component pattern, in the signal containing tiie tire vibration frequency 
component, is varied by variation of the spring constant, tiie air pressure condition of the tire can be detected by dis- 
criminating this pattern variation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Rg. 1 Is an illustration showing a construction of the first enrtoodiment of the invention; 

Fig. 2 is a characteristic chart showing a frequency characteristics of acceleration of an unsprung mass of a vehi- 
cle; 

Fig. 3 is a characteristics chart showing variation of resonance frequencies of tiie unsprung mass of the vehicle due 
to variation of a tire air pressure in upward and downward as well as forward and backward directions; 
Fig. 4 is an explanatory illustration showing a principle of detection of the tire air pressure in the first embodiment; 
Rg. 5 is a chart showing a waveform of an output voltage of a wheel speed sensor; 

Fig. 6 Is a chart showing a waveform showing varying condition of a wheel speed v calculated on the basis of a 
detection signal of the wheel speed sensor; 

Fig. 7 is a characteristic chart showing a result of frequency analyzing operation with respect to the wheel speed v 
of the waveform illustrated in Fig. 6; 

Fig. 8 is an explanatory illustration for explanation of an averaging process in the first embodiment; 

Fig. 9 Is a characteristics chart showing a result of frequency analysis after moving averaging process in the first 

embodiment: 

Fig. 10 is a characteristics chart showing a process of an electronic control unit of the first embodiment; 

Rg. 1 1 is a characteristic chart showing a relationship between the tire air pressure and tiie resonance frequencies 

in the second embodiment of the invention; 

Fig. 12 is a flowchart showing a difference of tiie process between the second embodiment and tiie first embodi- 
ment; 

Fig. 13 is an illustration showing a construction of the third embodiment of the invention; 

Rg. 14 is a flowchart showing a difference of tiie process between the third embodiment and the first embodiment; 
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Fig. 15 is an illustration showing a construction of the fourth emtxxiiment of the Invention; 
Fig. 16 is an ijlustration showing a construction of the fifth embodiment of the invention; 
Fig. 17 is a flowchart showing a process of the electronic control unit of the sixth embodiment; 
Fig. 18 is a timing chart showing a variation of the wheel speed; 
5 Fig. 19 is a characteristic chart illustrating an occurrence of peak in a degree of frequency corresporxiing to the 

number of a wheel rotation per unit time; 

Fig. 20 is an explanatory illustration for discussion of an outline of the control in the seventh embodiment: 
Fig. 21 is a flowchart illustrating a principle of tiie process of tiie seventh embodiment; 
Fig. 22 is an explanatory illustration for discussion of an outline of the control in the eighth embodiment; 
10 Fig. 23 is a flowchart illustrating a principle of the process of the eighth embodiment; 

Fig. 24 is an explanatory illustration for discussion of an outline of the control in the ninth embodiment; 
Fig. 25 is a flowchart illustrating a principle of the process of tiie ninth embodiment; 

Fig. 26 Is a flowchart illustrating a principle of the process of an outiine of the control in the tenth embodiment; 
Fig. 27 is a flowchart illustrating a principle of the process of tiie tenth embodiment; 
15 Fig. 28 is an explanatory illustration for discussion of an outline of the conti^ol in tiie eleventh embodiment; 

Fig. 29 is a characteristic chart showing a frequency distribution of the wheel speed in the eleventh embodiment; 
Fig. 30 is a characteristic chart showing predicted gain distribution of a tire rotation degree component In tiie elev- 
enth emtXKiiment; 

Fig. 31 Is a characteristic chart showing a frequency characteristics from which the tire rotation degree component 
20 is removed, in the eleventh embodiment; 

Fig. 32 is a flowchart illustrating a principle of the process of the eleventh embodiment; 

Fig. 33 is an explanatory illustration for discussion of an outline of the control in the twelfth embodiment; 

Fig. 34 is an explanatory illustration for discussion of an outline of the control in the twelfth embodiment; 

Fig. 35 Is an explanatory illustration for discussion of an outline of the control in the twelfth embodiment; 
25 Fig. 36 is a flowchart illustrating a principle of the process of the thirteenth embodiment; 

Fig. 37 is a flowchart illustrating a principle of the process of the thirteenth embodiment; 

Fig. 38 is a characteristic chart showing a relationship between a vehicle speed ratio and a gain coefficient; 

Fig. 39 is a flowchart Illustrating a principle of the process of the fourteenth emt>odiment: 

Fig. 40 is a characteristic chart showing a relationship between a vehicle speed and a gain of respective degrees 
30 of the frequency corresponding to the wheel rotation speed per unit time; 

Fig. 41 is a flowchart illusft-ating a principle of the process of the fifteenth embodiment; 

Fig. 42 is a flowchart Illustrating a principle of the process of the sixteenth embodiment; 

Fig. 43 is a flowchart illustrating a principle of the process of tiie sixteenth embodiment; 

Fig. 44 Is a flowchart illustrating a principle of the process of the seventeenth embodiment; 
35 Fig. 45 Is a flowchart illustrating a principle of the process of tiie seventeenth embodiment; 

Fig. 46 is a characteristic chart showing a relationship of the number of data (SMP) in relation to an difference Af 

between a resonance frequency f^ and a discriminated value fL: 

Fig. 47 is a characteristic chart showing a relationship of tiie number of an averaging process (SUM) with respect 

to an difference Af between a resonance frequency and a discriminated value fi^; 
40 Fig. 48 is a flowchart showing a principle of the process in the eighteenth embodiment; 

Fig. 49 is a flowchart showing a principle of the process in the eighteentii embodiment; 

Fig. 50 is a flowchart showing a principle of the process in the nineteenth embodiment; 

Fig. 51 is a chart showing a wave form of the vehicle speed In a time sequence cafoulated by ECU; 

Fig. 52 is a characteristic chart showing a relationship between a wheel speed variation magnitude Av and the 
45 number of data (SMP); 

Fig. 53 is a characteristic chart showing a relationship between a wheel speed variation magnitude Av and the 

number of the averaging processes (SUM); 

Fig. 54 is a flowchart showing the process of the electronic control unit of the twentieth embodiment; 
Fig. 55 is a timing chart showing a relationship between the wheel speed and resonance frequency in the twentieth 
50 embodiment; 

Fig. 56 is a flowchart showing the principle of the process of the twenty-first embodiment; 

Fig. 57 is a characteristic chart showing a relationship between the wheel speed, the tire air pressure and reso- 
nance frequency of the unsprung mass; 

Fig. 58 is a characteristic chart showing a relationship between the tire pressure of the radial tire and stadless tire 
55 and resonance frequency in the unsprung mass; 

Fig. 59 is a flowchart showing a process of the ECU of the twenty-second embodiment; 
Fig. 60 Is a flowchart showing a process of the ECU of the twenty-second embodiment; 
Fig. 61 is a flowchart showing a process of the ECU of the twenty-third embodiment; 

Fig. 62 is an explanatory illustration in the case discriminating lowering of the tire air pressure in relation of the res- 
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onance frequency and the tire air pressure; 

Fig. 63 is an illustration showing a construction of a tire air pressure detecting device indicative of the arrangement 
of a set switch; 

Fig. 64 is a flowchart of the process of the ECU of the twenty-fourth embodiment; 
5 Fig. 65 is a graph showing a relationship of an effective rolling radius and the resonance frequency of the unsprung 

mass; 

Fig. 66 is a flowchart of the signal processing of the electronic control unit in the twenty-fifth embodiment; 
Fig. 67 is a flowchart of the signal processing of the electronic control unit in the twenty-fifth embodiment. 
Fig. 68 is a graph showing a relationship of the tire air pressure and the resonance frequency of the unsprung 

10 mass; 

Rg. 69 is a graph showing a relationship of an effective rolling radius and the resonance frequency of the unsprung 

mass; 

Fig. 70 is a flowchart of the signal processing of the electronic control unit in the twenty-sixth embodiment; 
Fig. 71 is a flowchart of the signal processing of the electronic control unit in the twenty-sixth embodiment; 
IS Fig. 72 is a characteristic chart illustrating fluctuation of the tire air pressure with respect to the same resonance 
frequency depending upon the unsprung mass load; 

Fig. 73 is a characteristic chart showing a relationship between resonance frequency difference and the tire air 
pressure; 

Fig. 74 is a characteristic chart showing a relationship between resonance frequency f^Ax and the resonance fre- 
20 quency difference; 

Rg. 75 is a characteristic chart showing another relationship between resonance frequency f^Ax and the reso- 
nance frequency difference; and 

Rg. 76 is a flowchart of the signal processing of the electronic control unit in the twenty-seventh embodiment. 
25 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention will be explained hereinafter with reference to the drawings. 
Fig. 1 is an illustration showing the overall construction of the first embodiment 

As shown in Fig. 1 . wheel speed sensors are provided for each tire la ~ Id of a vehicle. Each wheel speed sensor 

30 comprises gears 2a - 2d and pick-up coils 3a - 3d. The gears 2a ~ 2d are coaxially mounted on a rotary shaft (not 
shown) of each tire la - Id, and are made from disc-shaped magnetic bodies. The pick-up coils 3a ~ 3d are positioned 
in close proximity to the gears 2a 2d with a predetermined gap therebetween for outputting an alternating current sig- 
nal which has a period corresponding to the rotational speed of both gears 2a - 2d and tires la - 1d. The alternating 
current signal output from pick-up coils 3a - 3d is input into a known electronic control unit (ECU) 4 comprising a wave 

35 Shaping circuit, ROM, RAM and so forth so that a predetermined signal processing, which includes wave shaping, is 
performed. The result of this signal processing is input into display portion 5 which indicates the air pressure condition 
of each tire. 1a ~ Id, to the driver. The display portion 5 may display the air pressure condition of each tire independ- 
ently, or by providing only one alarm lamp, it may provide an alarm by turning on the alarm lamp when the air pressure 
of one of the tires is below a reference air pressure. 

40 The tire air pressure detecting device will now be explained according to the present embodiment. 

When a vehicle travels on a paved asphalt road, for example, the tires are subject to upward, downward, fonward 
and backward forces due to fine undulation on the road surface. The tire therefore vibrates in upward, downward, for- 
ward and backward directions accordingly A frequency characteristic of an acceleration of an unsprung mass of the 
vehicle during tire vibration is Illustrated in Fig. 2. As shown in Rg. 2, the frequency characteristic of the acceleration 

45 has peak values at two points. Point a is a resonance frequency in the upward and downward directions for the uns- 
prung mass of the vehicle, and point b is a resonance frequency in the fonward and backward directions for the uns- 
prung mass of the vehicle. 

On the other hand, when the air pressure of the tire varies, the resonance frequencies In the upward, downward, 
fbnward and backward directions are also varied since the rubber portion of the tire has a spring constant. For instance! 

so as shown in Fig. 3, when the air pressure of the tire is lowered, the spring constant of the rubber portion of the tire is 
also lowered to cause lowering of the resonance frequencies in the upward, downward, fonward and backward direc- 
tions. Accordingly, the air pressure condition of the tire can be detected by extracting at least one of the resonance fre- 
quencies in the upward, downward, fbnward and backward directions from the vibration frequency of the tire. 

Therefore, in the present embodiment, the resonance frequencies in the upward, downward, fonward and backward 

55 directions of the unsprung mass of the vehicle are extracted from a detection signal of the wheel speed sensor. Results 
of extensive study made by the inventors revealed that this is because the detection signal of the wheel speed sensor 
includes a frequency component of tire vibration. Namely, as a result of frequency analysis of the wheel speed sensor 
detection signal, it has been determined that the detection signal had two peak values (shown by Fig. 4) which are low- 
ered when the tire air pressure is lowered. 
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In recent years, an increasing number of vehicles have been equipped with anti-skid control systems (ABS). Since 
these systems already have wheel speed sensors for each tire, tire air pressure can be detected in them without the 
addition of any sensors. Also, most of the variation magnitude of the resonance frequency is caused by variation of tire 
spring constants which are due to variation in tire air pressure. Therefore, the tire air pressure can be stably detected 
. 5 without concern for factors such as wearing of the tire or so forth. 

In Fig. 10. there is a flowchart showing a process to be executed by ECU 4. It should be noted that although ECU 
4 performs similar processes for wheels la ~ Id, the flowchart of Rg. 10 shows the flow of the process with respect to 
a single wheel. Also, in the explanation given hereinafter, suffixes for respective reference numerals are omitted. In the 
flowchart shown in Fig. 10. there is illustrated a particular example, in which an alarm is provided for the driver when 

10 the tire air pressure is detected below, or equal to. the reference value. 

In Fig. 10. at step 100A. wheel speed v is calculated by waving shaping the alternating current signal output from 
the pick-up coil 3 (shown in Fig. 5) to form a pulse signal, and by dividing the pulse interval with an elapsed period. As 
shown in Fig. 6. the wheel speed v normally contains a large number of high frequency components including the vibra- 
tion frequency component of the tire. At step 1 10A, it is determined if a variation magnitude Av of the calculated wheel 

IS speed v is equal to, or greater than, the reference value vq. If AV is equal to. or greater, then reference value vq. the 
process is advanced to stop 120 A. At step 120A, it is determined if the period AT, within which the variation magnitude 
Av of the wheel speed v is held in excess of the reference value vq. is equal to. or greater than, predetermined period 
to- The processes of the above-mentioned steps 1 10A and 120A are used to determine if the detection method of the 
present embodiment can be used on the current road surliace for detection of the tire air pressure. Namely, in the 

20 present embodiment, the detection of the tire air pressure is performed based on variations of the resonance frequency 
which is contained in the vibration frequency component of the tire. Therefore, unless the wheel speed v is continuously 
varied to a certain magnitude, sufficient data for calculation of the above-mentioned resonance frequency cannot be 
obtained. It should be noted that, in the comparison of step 120A, the predetermined period AT is set when the variation 
magnitude AV of the wheel speed v is equal to. or greater than, the reference value vq. and measurement of the period 

25 AT is continued when variation magnitude Av of wheel speed v is again equal to, or greater than, the reference value Vq. 
If the answers at steps 1 1 0A and 1 20A are both positive, the process is advanced to step 1 30 A. On the other hand, 
if the answer at either one of steps 1 10A and 120A is negative, the process returns to step 100A. At step 130A. a fre- 
quency analyzing operation (FFT) is performed with respect to the calculated wheel speed, and the cycles of operation 
N are counted. One example of the result of FFT operation is shown in Fig. 7. 

30 As shown in Fig. 7, when the FFT operation is performed with respect to the wheel speed obtained through 
traveling of the vehicle on a normal road, suh)stantially random frequency characteristics are typically obtained. This is 
because of irregularities in the small undulations (size and height) on the road surface. Accordingly, the frequency char- 
acteristics may vary for every wheel speed data. Therefore, in the present embodiment, in order to suppress variation 
of the frequency characteristics as much as possible, an average value of the results of FFT operation is derived over 

35 a multiple operation cycles. At step 140A. it is determined whether the number of the FFT operation cycles, N. reaches 
predetermined number no- If it does not reach the predetermined number of cycles, the processes at steps 100A 
through 130A are again executed. On the other hand, when the number of operation cycles reaches the predetermined 
number of cycles, the process is advanced to step 150 A to perform an averaging process. As shown in Fig. 8, this aver- 
aging process is used to derive an average value corresponding to the results of respective FFT operations, from which 

40 an average value of gains for respective frequency components are derived. With such an averaging process, variations 
in the results of the FFT operation may be reduced depending upon the road surface. 

However, the above-mentioned averaging process may be problematic in that the gains of the resonance frequen- 
cies are not ahnrays the maximum peaks in the upward, downward, forward and backward directions due to noise or so 
forth. Therefore, in the present emt^lment. subsequent to the foregoing averaging process, a moving averaging proc- 

45 ess set out below is performed at step 1 60 A. 

This moving averaging process is performed by deriving a gain of a nth frequency through the following equa- 
tion: 

Y„ = (Yn,i+Y,.,)/2 (1) 

so 

Namely, in the moving averaging process, the gain of the nth frequency is derived as an average value of the 
gain of the (n+1)th frequency which was the result of operation in the preceding cycle, designated as y„^^ , and the gain 
of the (n-l)th frequency which was previously derived as Y^y-^. Thus, the results of the FFT operation are a smoothly 
varying waveform. The results of operation derived through this moving averaging is shown in Fig. 9. 
55 It should be noted that the wave shaping process is not specified to the foregoing moving averaging process, and 
that It can employ a low-pass filter for the results of the FFT operation. Alternatively, it is possible to perform a differen- 
tiating operation to obtain wheel speed v in advance of step 130A. and to subsequently perform the FFT operation to 
obtain the result of the differentiating operation. 

Next, at step 1 70A. resonance frequency f k of the unsprung mass in the fonward and backward direction is derived 
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on the basis of the smoothed results of the FFT operation. Then, at st^ 180 A, a lowering difference (fg - fyO »s derived 
for comparison with a predetermined difference Af. The predetermined difference. Af, is set to an allowable lowest value 
(e.g. 1 A kg/nf) of the tire air pressure. Note that It is set both with reference to the initial frequency fo and corresponding 
to the normal tire air pressure. Accordingly, if judgement is made at step 180 A that the lowering difference (fo - fK) is 
equal to. or greater than, the predetermined difference Af, the tire air pressure is regarded to be below the allowable 
lowest value. Thus, the process is advanced to step 1 90A to display an alarm for the driver on display portion 5. 

It should be noted that although in the foregoing embodiment, an example is illustrated to detect decreases in the 
tire air pressure on the basis of resonance frequency in the fonward and backward directions, it is also possible to detect 
the tire air pressure on the basis of the resonance frequency in the upward and downward directions, or on the basts of 
the resonance frequencies in the fonn^ard. backward, upward and downward directions. 

Next, explanation wilt be given for the second embodiment of the present invention. 

While the above-mentioned first embodiment detects the tire air pressure when it is below the allowable lowest 
value, the second embodiment detects the tire air pressure per se. 

Therefore, in the second embodiment, a map is stored for each tire which is indicative of a relationship between the 
tire air pressure and the resonance frequency, as shown in Fig. 1 1 . This map is used to derive the resonance frequency 
f K in the same manner as in the first embodiment, and the tire air pressure Ber se is directly predicted from the derived 
resonance frequency. fK- In the second embodiment, only part of the processes of ECU 4 are differentiated from those 
in the first embodiment, and the construction is common to the first embodiment. Therefore, the explanation for the con- 
struction is neglected and only different portions in the process of ECU 4 will be explained. 

Namely, in the second embodiment, step 180 A of the flowchart of the first embodiment (shown In Fig. 10) Is modi- 
fied to the process of Fig. 12. 

In Fig, 12. at step 182B. the tire air pressure. P. is derived in accordance with the preliminarily set map (Fig. 1 1) by 
using resonance frequency fK of the unsprung mass of the vehichle in the fbnward and backward directions (de-ived in 
step 1 70A), Then, at step 184B. the derived tire air pressure Is compared with an allowable minimum value. Pq. off the 
preliminarily set tire air pressure. When the derived air pressure P Is below, or equal to. the allowafc^le minimum value 
Pq. the process Is advanced to step 190 A. 

It should be noted that, in this second embodiment, the tire air pressure; P, derived at step 182B with respect to 
each tire may be directly displayed on display portion 5. 

Next, explanation will be given for the third embodiment of the Invention. 

While the foregoing first embodiment employs the wheel speed sensor as a sensor for outputting a signal contain- 
ing the vibration frequency component of the tire, the third embodiment employs an acceleration sensor for outputting 
a signal containing the vibrational frequency component of the tire. This sensor. 1 1. is an^anged on an unsprung mass 
member (e.g. lower arm) of the vehicle (shown in Fig. 13). It is used as a sensor 

As already mentioned, it is possible to derive the resonance frequencies In the upward, downward, forward and 
backward directions by detecting the acceleration of the unsprung mass of the vehicle, and by performing an FFT oper- 
ation the results. In addition, since the detection signal can be a direct object for the FFT operation, it provides an 
advantage in that the operational processes of ECU 4 are simplified in comparison with that of the first embodiment. 

Accordingly. in the third embodiment, the process shown in Fig. 14 is executed in lieu of step 100A of the flowchart 
in Fig. 10. Namely, as shown in Fig. 14. at step 102, an acceleration signal output, from acceleration sensor 1 1 , is read 
in. Then, with respect to that acceleration signal, signal processing similar to the above-mentioned first enUjodiment is 
performed. 

Next, the fourth embodiment of the present invention will be explained. 

While the foregoing first embodiment employs the wheel speed sensor as a sensor for outputting the signal con- 
taining the tire vibration frequency component, the fourth embodiment employs vehicle height sensor 20 as a sensor for 
detecting a relative displacement between a vehicle body (sprung mass member) and the tire (unsprung mass mem- 
ber). Thus, this sensor may be used to output the tire vibration frequency component in the fourth embodiment. 

When vehicle height sensor 20 is employed (shown in Fig. 1 5). a differentiating process Is performed twice after an 
appropriate low-pass filtering process is performed on the detection signal of vehicle height sensor 20. Thus, the detec- 
tion signal of the vehicle height sensor becomes a signal representative of a relative acceleration between the vehicle 
body and the tire. Then, by performing the processes of step 1 1 0A and subsequent steps in the flowchart of Fig. 1 0, the 
tire air pressure can be detected with respect to this signal and similarly to the foregoing first embodiment. 

Next, the fifth embodiment of the present invention will be explained. 

A load sensor 30 for detecting a load between the vehicle body (sprung mass member) and the tire (unsprung 
mass member) can be employed, and used, as the sensor for outputting the signal containing the tire vibration fre- 
quency 

In Fig. 16, load sensor 30 comprises a piezoelectric element which generates a charge corresponding to the load 
and which is disposed within a piston rod of a shock absorber. Load sensor 30 outputs a signal corresponding to a 
damping force of the shock absorber. With respect to this signal, the tire air pressure can be detected by performing 
signal processing similar to the foregoing third embodiment. 
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Next, explanation will be given for the sixth embodiment. 

As a result ot experiments made by the inventors, it has been found that the signal which contains the actual tire 
vibration frequency component, contains a noise signal. This noise signal corresponds to unbalances (caused by une- 
ven wearing, standing wave phenomenon and so forth) of the tire which are an integral multiple of frequency that is the 
- 5 number of rotations of the wheel during a unit period in addition to the resonance frequency of the unsprung mass in 
the upward and downward or fonward and backward directions. Accordingly, in the above-mentioned embodiments, reli- 
ability of the resonance frequency of the unsprung mass is low in the upward and downward or forward and backward 
directions, which are extracted from the signal containing the tire vibration frequency component. It is therefore hard to 
say that satisfactory detection accuracy will always be provided. Therefore, further improvements in the detection accu- 
10 racy are desired. 

The sixth to fifteenth embodiments will achieve the improvement of the detection accuracy In view of the problem 
set forth above. 

In the sixth embodiment, the processes of Fig. 17 are performed. At first, steps 1000F to 1200F are the same as 
steps lOOAto 120 A of Fig. 10. 

15 However, at step 1300F, wheel speed variation ratio A is derived on the basis of the variation magnitude Av2 of 
wheel speed v within the predetermined period to2 (to2 » ^"0, as shown in Fig. 18. 

A=AV2/lo2 (2) 

20 When the wheel speed variation ratio A is derived, it is compared with predetermined value Aq at step 1400R The 
processes in steps 1300F and 1400F are performed for determining whether variation Av2 of wheel speed v within the 
predetermined period to2 (to2 » AT) permits detection of the tire air pressure by the detecting method of the present 
embodiment. Namely, when the variation Av2 of the wheel speed v is small, the peaks (herein after referred to as "tire 
rotation degree components'^ appear at the degree (integral multiple) of the frequency that is the number of wheel rota- 

25 tions within the unit period, as shown in Fig. 1 9. When the tire rotation degree component is greater than the resonance 
frequency component, there is a possibility of making mistakes concerning the resonance frequency component. 
Therefore, unless wheel speed v varies above a certain magnitude within the predetermined period, the tire rotation 
degree component cannot be removed. 

If judgement is made that wheel speed variation ratio A is equal to, or greater than, predetermined value Aq at step 

30 1400F, the process is advanced to step 1500 A. Alternatively, when the judgement is made that the wheel speed varia- 
tion ratio A is smaller than predetermined value Aq, the process returns to step 1000F Then, at steps 1500F 1900F. 
processes similar to those in steps 1 30A ~ 1 70 A are performed. 

At step 2000F, the resonance frequency fK is compared with both an upper limit value, i^, of the resonance fre- 
quency of the unsprung mass and a lower limit value, ft, of the resonance frequency of the unsprung mass. Upper limit 

35 value fH and lower limit value fL are set corresponding to allowable upper and lower limit values of the tire air pressure 
(e. g. upper limit value is 2.5 kg/cm^ and tiie lower limit value is 1.4 kg/cm^). When resonance frequency fK is judged 
as equal to or greater than the upper limit value of the resonance frequency, tiie tire air pressure is regarded to be in 
excess of the allowable upper value. Alternatively, when the resonance frequency f^ is judged to be equal to, or smaller 
than, tiie lower limit value of the resonance frequency of tiie unsprung mass, the tire air pressure is regarded to be lower 

40 than the allowable lower limit value. In either case, tiie process is advanced to step 21 OOF to display alarm to the driver 
via display portion 5. 

As set forth above, in the sixtii embodiment, since the FFT operation for deriving the tire vibrational frequency com- 
ponent is performed only when the wheel speed variation ratio A is equal to, or greater than, predetermined value Aq. 
the tire rotation degree component which appears while the speed variation ratio A is small, can be eliminated. 
45 Next, explanation will be given for tiie seventh embodiment. 

While resonance frequency fi^ is derived only when the wheel speed variation ratio A is equal to. or greater ttian, 
predetermined value A©, resonance frequency fK is derived when variation magnitude AV3 is different from any of the 
previously derived variation magnitudes. Resonance frequency f is then performed through an FFT operation as shown 
in Fig. 20 in the seventh embodiment. 
so The processes of steps 1 300F and 1 400F in the flowchart of tiie sixth embodiment (illustrated in Fig. 1 7) are mod- 
ified as shown in Fig. 21 . 

In Rg. 21 , at step 1310G. the variation magnitude AV3 of tiie wheel speed v within unit period to3 is derived. At step 
131 1G, the variation magnitude Ava^^j) of wheel speed v. which is derived as the Nth wheel speed of step 1310G. is 
compared to variation magnitudes V3(1) ~ V3(N-1) of wheel speed v which are derived in the 1st (N-I)th cycles of step 
55 131 OG. If it is not equal to any of them, the process is advanced to step 1 500A to perform tiie FFT operation. However, 
if it is equal to any of them, the process is returned to step 1000R Therefore, at step 1500A of this embodiment the tire 
vibration frequency component is subject to the FFT operation and has wheel speed variation magnitudes AV3 which 
are all different from each other. Thus, the peak appearing in the tire vibration frequency component has the resonance 
frequency component of the unsprung mass in the fonward and backward or upward and downward directions which 
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appear in the same frequency. The tire rotational degree components appearing at the different frequendes are 
removed by the FFT operation performed at step 1500F and the subsequent steps. 

It should be noted that, although the FFT operation is performed when the variation magnitude Av^{N) is different 
from any variation magnitudes Av3(1) ~ Avaf^.^) derived up to the Nth operation in the seventh embodiment, it is possi- 
5 ble to perform the FFT operation only when an average wheel speed, vc(n). during the predetermined period tos derived 
at the Nth operation is different from any average wheel speeds. Vc(i) - >fciN-^)' derived up to the Nth operation. 

Next, eighth embodiment of the invention will be explained. 

In the foregoing sixth and seventh embodiments, the FFT operation is performed after processing for removal of the 
tire rotation degree component. In the present embodiment, the tire rotation degree component is removed after the 

10 FFT operation. 

The gain of the tire vibration frequency component as well as the gain of the tire rotation degree component are 
affected by the road surface condition. Namely, as shown in Fig. 22. when the vehicle travels on a rough road, such as 
unpaved road, the gain of the tire vibration frequency component becomes large, and the gain of the tire rotation degree 
component also becomes large. Therefore, in the present embodiment, among the tire vibration frequency components 
15 derived through the FFT operation, the averaging process is performed only when the maximum gain v^ in predeter- 
mined frequency band fb falls within predetermined range v^ax - vmin- Therefore, the gains resulting from the FFT 
operation, which are used for performing the averaging process, are consistent, and the influence of the tire rotation 
degree component after the averaging process becomes small. 

Namely, in the eighth embodiment, processes 1300F - 1600F of the flowchart of the sixth embodiment of Fig. 17 
20 are modified to the processes shown in Fig. 23. 

In Fig. 23. after performing the FFT operation at step 1320H, judgement is made whether the maximum gain v^, 
which is among the tire vibration frequency components derived through the FFT operation, falls between upper limit 
value vmax and lower limit value vm,n at step 1 321 H. If the answer is negative, the process returns to step 1000R If the 
answer is positive, the process is advanced to step 1 322H. At step 1 322H. the number of times, Na. where the positive 
25 answer is obtained, namely the number of results of the FFT operation having the maximum gain v^ falling within the 
range between upper limit value Vmax and lower limit value Vmin. is incremented. This counter. N^. counts only the tire 
Vibrational frequency components resulting from the FFT operation which have the maximum gain v^ between upper 
limit value v^ax and lower limit value vmin- Then, at step 1323H. judgement is made whether the number Na of occur- 
rences of the positive answer reaches the predetermined value Ng, or not. A negative answer results in returning the 
process to step 1000. However, when the answer is positive, the process is advanced to step 1700F Thus, the data, 
during traveling through the rough road, is removed so that the influence of the tire rotation degree component which 
has large peaks can be suppressed. 

Therefore, the eighth embodiment removes the tire vibration frequency component derived from the FFT operation, 
unless the maximum gain v^ from within predetermined frequency band fb both falls within the range between upper 
limit value v^ax and lower limit value Vm,n. and performs the averaging process of only those having maximum gain v- 
between upper limit value v^ax and lower limit value vmin- 

Next, the ninth embodiment of the present invention will be explained. 

The present embodiment features removal of the tire rotation degree components by eliminating excessively large 
(or small) data through multiplying a rate. Kj, of the maximum gain v^ which is within the predetermined frequency band 
fb and the predetermined gain vq. to the tire vibration frequency components resulting from the FFT operation. 

Namely, in the ninth embodiment, steps 1300F ~ 1500F of the flowchart of the sixth embodiment of Fig. 17 are 
modified with the process as shown in Rg. 25. 

In Fig, 25. the FFT operation is performed at step 13301. Next, at step 1331 1, a coefficient. Kj is obtained as the rate 
of the maximum value between gain v^ which is within predetermined frequency band fb. and predetermined gain vq. It 
45 is therefore obtained on the basis of the FFT operation result at step 1 3301. 

Ki = Vo/v3 (3) 

Then, at step 13321. coefficient K| is multiplied to the tire vibration frequency conponent, resulting from the FFT 
so operation, to correct the FFT operatfon results. Once correction is completed, the number of cycles of the FFT opera- 
tions is counted at step 13331. after which the process is advanced to step 1600R Thus, all the maximum gains v^ 
become vq. and no excessively large (or small) data will be present * 

Next, explanation will be given for the tenth embodiment of the invention. 

The foregoing eighth and ninth embodiments reduce the influence of the tire rotation degree component by utilizing 
55 the statistical nature of the averaging process after the FFT operation. The tenth embodiment features that the tire rota- 
tion degree component from the result of the FFT operation. Namely, the tenth embodiment utilizes the fact that the tire 
rotation degree component is necessarily present within a frequency range, and that frequency range must correspond 
to the variation range of the wheel speed, or an integral multiple thereof. 

For example, as shown in Fig. 26, assuming that the wheel speed variation range within a certain period Tq falls 
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within a range of a(min) ~ b(max) in Fig. 26(a). Deriving frequencies A and B corresponding to wig. 27heel speeds a 
and b (in Fig. 26(b)), requires connecting between values p and q. because resultant values of the FFT operation may 
con-espond to frequencies A and B with a straight or curved line. Thus, the portion between p and q. illustrated by the 
broken line in Fig. 26(c). is eliminated. Such a series of process is hereinafter referred to as "interpolation-. 

Therefore, in the tenth embodiment, steps 1300F 1500F of the flowchart for the sixth embodiment (shown in Rg 
1 7) are modified with the processes shown in Fig, 27. 

In Rg. 27. at step 1340J. minimum value a and maximum value b of variation of the wheel speed within the certain 
period To are derived. Then, at step 1341J frequencies A and B. which correspond to foregoing minimum value a and 
maximum value b, are derived. At step 1342J. the FFT operation is performed. Since the tire rotation degree compo- 
nents are present within the frequency range of A B, the interpolation is performed by connecting the resultant values 
q and p of the FFT operation at frequencies A and B with a straight line at step 1343J- Thus, the gain of the tire rotation 
degree components present in the frequency range of A ~ B can be made smaller. Then, the number off cycles of the 
FFT operation is counted at step 1344, and the process Is advanced to step 1600F. 
Explanation will now be given for the eleventh embodiment of the present Invention. 

The eleventh embodiment features that the interpolation of the above-mentioned tenth embodiment is performed 
with higher precision. Namely, in the tenth embodiment, a distribution of wheel speed frequency Aj, which is between 
the wheel speed range between maximum value b and minimum vaJue a and varying within period Tq. is derived as 
shown in Fig, 28(a) and (b). The distribution of wheel speed frequency Aj is derived by sorting speeds within the wheel 
speed range of a - b from small to large (or from large to small). The number of data points taken from equivalent wheel 
speeds are then counted. Here, as discussed with respect to the tenth embodiment, the tire rotation degree component, 
derived by the FFT operation, is present within the frequency range between A and B which corresponds to the wheel 
speed variations between a ~ b. The distribution of the gain of the tire rotation degree component has a similar relation- 
ship to the frequency distribution of the wheel speed. Namely, since the tire rotation degree component is apparent from 
the number of rotations of the wheel within a unit period, the wheel speed, which is the largest frequency distribution. 
25 can be regarded as the number of rotations of the wheel within the unit period. 

Then, coefficient Kj (which is the coefficient for converting the wheel speed frequency Aj into the FFT operated 
value Vj at the frequency corresponding to the wheel speed) is multiplied with wheel speed frequency Al to predict the 
distribution of the gains of the tire rotation degree components (see Fig. 29 and 30). Subsequently, as shown in Fig 31 
by subtracting the predicted distribution of gains of the tire rotation degree components from the result of the FFT oper- 
ation within the frequency range of A B. the influence of the tire rotation degree components are eliminated. Conse- 
quently, interpolation between the resultant values q and p of the FFT operation within the frequency range of A ^ B can 
be performed. 

The foregoing process is illustrated in a flowchart in Fig. 32. In Rg. 32, at step 1350K. maximum wheel speed b 
and minimum wheel speed a from within the period Tq are derived and the results are stored in ECU. Then, at step 
1351K, the stored resultant wheel speeds are sorted from small to large (or from large to small), and the niintber of 
equivalent wheel speeds are counted to attain the wheel speed frequency Aj. 

Then, at step 1352K. the frequency corresponding to the wheel speed is derived. At step 1353K. the gains (vi) of 
the tire rotation degree components are derived from the distribution of wheel speed frequency A^. This is done by mul- 
tiplying coefficient Kj to the distribution of wheel speed frequency Aj which was obtained at step 1351 , previously Next. 
40 at step 1354K. the FFT operation is performed. At step 1355K. the gains of the tire rotation degree component, derived 
at step 1353K, are subtracted from the resultant value (Vj) of the FFT operation from within frequency range A - B to 
derive a corrected value (vf) of the FFT operation. 

The resultant values of the FFT operation, from which the tire rotation degree components are removed, are as 
illustrated in Fig. 31. At step 1356K, the number of FFT operation cycles are counted. Then, the process is advanced 
45 tostep1600R 

Next, the twelfth embodiment of the present invention will be explained. 

The foregoing eleventh embodiment removes the tire rotation degree component by accurately subtracting the 
gains of the tire rotation degree component from the result of the FFT operation on the basic of the configuration of the 
frequency distribution of the wheel speed. The twelfth embodiment features that approximating the frequency distribu- 
so tion of the wheel speed with a convenient configuration, and subtracting the approximated configuration from the result 
of the FFT operation. 

As shown in Fig. 33(a) and (b), the manner used to derive the frequency distribution as the wheel speed from a to 
b is the same as that of the eleventh embodiment. Here, most frequency wheel speed is assumed as c. and the fre- 
quency distribution is approximated by triangle abc' as shown in Fig. 33(c). Then, as shown in Fig. 34 and 35 by mul- 
55 tiplying predetermined coefficient K, with the triangle abC. predicted gains (vi) of the tire rotation degree cornponents 
are derived. By subtracting the derived predicted gains from the resultant values of the FFT operation (Vj). the tire rota- 
tion degree components are removed. 

It should be noted that the flowchart Is neglected because it is substantially the same as that of the eleventh 
embodiment. 
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On the other hand, in the twelfth embodiment, by employing the highest frequency wheel speed c. an average value 
of the wheel speed. variation, a ~ b, may be used without removing the tire rotation degree component. Also, instead of 
approximating the wheel speed frequency distribution with triangle abc'. statistic distributions, such as normal distribu- 
tion. Gaussian distribution and so forth, may be employed. 

Next, the thirteenth embodiment will be explained with reference to Fig, 36 and 37. Steps 101M ~ 104M are the 
same as those in the first embodiment. At subsequent step 105M. vehicle speed V is derived on the basis of wheel 
speed V used for the FFT operation process. The vehicle speed, V. derived after the initiation of process, is stored in the 
RAM as the vehicle speed Vq. Vehicle speed V is derived to provide a center speed component of the wheel speed v 
in addition to the tire vibration frequency component. At subsequent step 106M. determination is made whether flag F 
is set to "1", or not. where flag F is reset to "0" in response to turning OFF of an ignition switch. Therefore, in the first 
process after turning ON the ignition switch, the negative judgement is made in step 106M to advance the process to 
step 107M. 

At step 1 07M, vehicle speed Vq. initially derived immediately after starting, is subject to a frequency conversion to 
obtain a primary frequency. This primary frequency corresponds to the number of wheel rotations within a period and 
is used to obtain frequencies corresponding to degrees up to i by integral multiplying the primary frequency. At subse- 
quent step 108M, gains JV^ - JVj of the tire rotation degree components are read into the RAM on the basis of the 
results of FFT operation. Then, at step 1 09M. flag F is set to "1 " and the process is returned to step 1 01 M. Flag F is set 
to "r in order to limit execution of processes 107M and 108M to only once, immediately after starting. 

In the process of the second and subsequent cycles, the process is directly advanced to step 1 1 0M, since flag F is 
set to "1 Thus, a vehicle speed rate (V/Vq). which is relative to the vehicle speed Vq, is derived at step 107M. At step 
11 1 M. gain coefficients ~- K^ are derived by reading gain coefficients, in terms of the vehicle speed rate (VA/q). from 
a map shown in Fig. 38 which was preliminarily stored in ECU 4. At step 11 2M. gains are derived on the basis of both 
the determined gain coefficients Ki ~ Kj and the gains tire rotation degree components JV^ - JVj read in step 108M. 
Then. T step 113M. gains dVi - dV, are subtracted from the results of the FFT operation to eliminate the influence of 
the tire rotation degree components. The processes at. and after, step 1 14M are similar to those in the foregoing 
embodiments. 

The above-mentioned embodiment can shorten the operation process period. It does so by deriving the gains of 
the degree component of the wheel rotation speed in units of time from a map which relates the gain of the degree com- 
ponent of the wheel rotation speed in units of period fT) initially derived at the beginning of the process, the vehicle 
speed rate derived in the subsequent process, and the initially derived vehicle speed Vq. 

The fourteenth emtxxjiment will be explained with reference to the flowchart of Fig. 39. 

The explanation for processes at and before, step 205N are neglected since they are similar to those in steps 1 01 M 
to 105M of the thirteenth embodiment. At step 206N. derived vehicle speed V is converted by frequency conversion to 
derive the primary frequency of the tire rotation degree component. This is used to obtain frequencies which corre- 
spond to the degrees by integral multiplication up to i. At step 207N. the gains at respective degrees dV^ ~ dVj corre- 
sponding to vehicle speed V from the map (shown in Fig. 40) preliminarily stored in ECU 4 are read. At step 208M. the 
gains dV^ to dVj of the respective degrees of the gains are subtracted from the results of the FFT operation so as to 
eliminate the influence of the tire rotation degree component. Since tiie processes at, and after, step 209N are similar 
to tile processes at steps 1 1 4M ~ 1 20M of the thirteenth embodiment, the explanation therefor is neglected. 

The fifteenth embodiment will be explained with reference to the flowchart shown in Fig. 41 . 

As in Fig. 41 . vehicle speed V, derived from the wheel speed, is frequency converted so tiiat tiie frequency range 
of the tire rotation degree component is derived through steps 301 o to 303o. Based on the result of this conversion, a 
band frequency, (fa f^) of band-pass filter (B.RF) F^, is used to set multiple band-pass filters. F^ ~ Fj. at step 304o. 
The band frequency of band-pass filters Fg - Fj are respectively set as integral multiples of band-pass frequencies fa - 
fb. Then, at step 305o. a waveform in a time sequence, not including the tire rotation degree components, can be 
obtained by subtracting the original waveform after passing through respective band-pass filters F^ - Fj. Using this 
waveform, the FFT operational process and subsequent averaging processes are explained with respect to the thir- 
teenth and tiie fourteenth embodiments to derive the resonance frequency fK for determining decreases in the tire air 
pressure. 

It should be noted that the frequency of the tire rotation degree component may be directly removed by using the 
band-pass filter. Also, it may be possible to make FFT analysis for tiie waveform after passing through respective band- 
pass filters, and to subtract tiie results of the FFT analysis from tfie original waveform. 

Here, in the foregoing embodiment, since the frequency analysis (FFT operation) is performed for extracting the 
resonance frequency, a large amount of summing and multiplying operations must be performed. This causes pro- 
longed operation periods. Therefore, the sixteenth to nineteenth embodiments modify the FFT operation periods 
depending upon necessity to enhance response characteristics and detection accuracy in the tire air pressure detec- 
tion. 

The foregoing FFT operation reads a predetermined number of data in the RAM of ECU 4 and repeats summing 
and multiplying operations for extracting the resonance frequency. In case the resonance frequency to be derived is 



10 

<EP 0783982A1_I.> 



EP0783 982 A1 



V known, as In the present invention, a frequency range, w,. for performing the operation can be preliminarily set Accord- 

ingly, when more data is read into the RAM of ECU 4. division of the frequency into smaller ranges may occur (number 
of division will be referred to as n,). Thus, it is possible to raise frequency resolution (= W|/nf), thereby improving the 
detecting precision. 

. 5 However, more data to be read into RAM requires a longer period for obtaining one result of the FFT operation 

(hereinafter referred to as "FFT data"), thereby causing a heavier load on ECU 4. Further, the averaging process, set 
out later for eliminating the influence of the road noise, requires a large number of FFT data to raise the frequency res- 
olution. When the frequency resolution is low, the FFT operation ger se exhibits an averaging process like effect and 
the number of the FFT data can be smaller. 

10 The sixteenth to nineteenth embodiments utilize the foregoing nature of the FFT operation, so that the number of 
averaging process is reduced while the tire air pressure is normal. Thus, the difference between the derived resonance 
frequency and the reference value is large to require less detection accuracy and to permit quicker response to rela- 
tively swift variation of the tire air pressure. The response characteristics are therefore improved by shortening the oper- 
ation period of the FFT data. On the other hand, when the tire air pressure is close to the reference value, the number 

IS of FFT data to be read into RAM is increased to a rise the frequency resolution, and the number of averaging processes 
is also increased to raise the detection accuracy. 

The sixteenth embodiment will be explained with reference to Fig. 42. Upon starting the process in response to 
turning ON the ignition switch, a specification of the FFT operation Is read in at step 101 R Here, the specification of the 
operation to be read is for lower detection accuracy. At subsequent steps 102P 105R processes similar to those in 

20 the above-mentioned embodiments are performed and will not be discussed. 

At step 106P, the number N of the FFT operation at step 105P is compared to a predetermined number, SUM. If 
the number N of operation cycles does not reach the predetermined number SUM. then steps 102P - 105P are again 
performed. On the other hand, when the number N of the operation cycles reaches the predetermined number SUM, 
the process Is advanced to step 107P to perform the averaging process, moving averaging process at step 108R and 

25 derivation of the resonance frequency fK at step 1 09R 

Then, as shown in Fig. 43, at step 1 10P, a difference between the derived resonance frequency fK and a preset air 
pressure lowering reference value (hereinafter referred as reference value). fL. Is derived. At step 1 1 1 P. a determination 
Is made whether the difference is smaller than, or equal to. preset value f^. Namely a determination is made whether 
the tire air pressure has lowered to become close to the reference value ft. thus causing the detection accuracy is to be 

30 raised. When the answer at step 11 1 P is negative, the process junps to step 11 5P to determine whether resonance 
frequency fK is lower than, or equal to. reference value f l- If not lower than, or equal to, the reference value fL, the proc- 
ess is returned to step 102P to repeat the FFT operation. However, if resonance frequency fK is lower than, or equal to. 
reference value fL, the process is advance to step 1 16 to generate an alarm for lowering of the air pressure of the tire 
as the object for detection. 

35 On the other hand, when the answer at step 1 1 1 P Is positive, since it implies that the tire air pressure is dose to 
the reference value fL, it becomes necessary to inaease the number of the sample data, SMP, and the number of the 
averaging process cycles. SUM, for higher detection accuracy Flag F confirmed at step 1 12P is adapted to be reset in 
response to turning OFF of the ignition switch. At the judgement of the flag after positive judgement at step 1 1 1 P, the 
answer of step 1 12P becomes negative to advance the process to step 1 13P and to update the number of the sample 

40 data. SMP. to mL (mL > mg). while setting the number of the averaging process cycles, SUM. to Nl (Nl > Ns). Then, at 
step 1 1 4P, flag F is set to " 1 At step 1 1 5P, if the result, f k. of the most recent resonance frequency calculation is greater 
than reference value fL. the calculation of the resonanoe frequency f k is updated with the specification of the FFT oper- 
ation through the processes of step 102P and subsequent steps. Otherwise it advances to step 116P as described 
above. 

45 After starting the process, if the tire air pressure gradually approaches the reference value fL, and the specification 
of the FFT operation is updated, the air pressure will never have been supplied to the tire until the vehicle stops. There- 
fore, in order to avoid redundant processing of step 1 13P. the setting of F to "1" Is confirmed when updating the speci- 
fication of the FFT operation, and the process of step 115P is performed. 

The above-mentioned sixteenth emtxxJiment employs two levels of the specification for the FFT operation. Thus. 

so when the tire air pressure is lowered to approach reference value fL, the specification of the FFT operation is switched 
to expand the signal extraction period increasing both the number of sample data. SMP. to be sampled, and the number 
of averaging process cycles, SUM, to raise the frequency resolution and con-esponding tire air pressure detecting pre- 
cision, thereby avoiding erroneous detection for higher reliability. On the other hand, in the normal condition, where the 
tire air pressure does not approach reference value fL. the tire air pressure detecting process is performed in a shorter 

55 period under the specification of the FFT operation for lower frequency resolution to provkle higher response charac- 
teristics. 

The seventeenth embodiment will be explained with reference to the flowcharts of Fig. 44 and 45. and Fig. 46 and 
47. Fig. 46 shows a map of the number of sample data (SMP) relative to the difference Af of the resonance frequency 
f K is derived on the basis ot the result of the FFT operation and reference value fL. Fig. 47 shows a map of the averaging 
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process circuit (SUM) relative to the foregoing Af. Both maps are preliminarily stored in ECU 4. 

When the signal processing of ECU 4 is initiated in response to turning ON of the ignition switch, the specification 
of the FFT operation is read out at step 20 1Q. Here, the specification of the FFT operation with the lowest detecting 
precision (SMP shown in Fig. 46 = DAT4 and SUM shown in Rg. 47 = N^) is read out. Subsequently, similarly to the first 

5 embodiment, the calculation of the wheel speed v, discrimination of the road condition, judgment of the road surface 
length, computation of the FFT operation, integration of the number of FFT operation, determination of the number of 
cycles, averaging process, moving averaging process, calculation of the resonance frequency fK. and calculation of Af 
are performed through steps 202Q 21 OQ. At step 21 1Q. the SMP corresponding to Af. which was derived through 
calculation at step 210Q. is obtained from the map of Fig. 46. The SUM is similarly obtained from the map of Fig. 47. 

10 and the specification of the FFT operation is updated. 

Then, at step 21 2Q. resonance frequency fK and reference value fL are compared. When fK ^ ft, the process Is 
advanced to step 21 3Q for generating an alarm indicating a decrease in the air pressure of the tire as the object for 
detection. However, if f k > fu. the process returns to step 202Q to derive resonance frequency fK under the updated 
specification of the FFT operation, and to perform the tire air pressure detection. 

15 The seventeenth embodiment set forth above expands the signal extraction period corresponding to a decreasing 
of difference Af between resonance frequency f k and reference value fL- Thus, the SMP (number of data) and the SUM 
(number of the FFT data) are increased. Therefore, the levels of specification of the FFT operation which are to be set 
in ECU 4 become multiple, and the tire air pressure detecting precision can be further improved. 

The seventeenth embodiment will be explained with reference to the flowcharts of Figs. 48 and 49. 

20 When ECU 4 initiates signal processing in response to turning ON the ignition switch, the initial value of the spec- 
ification of the FFT operation is read out at step 301 R. Subsequently, after calculating wheel speed v at step 302R. the 
FFT operation and integration of the number of operation cycles are performed at step 303R. Thus, at step 304R, dis- 
crimination of vehicle speed V is performed, in which vehicle speed V and predetermined value Vh are compared to 
determine which is larger and which is smaller. If V ^ Vh, the process is advanced to step 305R where it is determined 

25 if flag F Is set to "1". where flag F is adapted to be reset in response to turning OFF of the ignition switch. Accordingly, 
the process is advanced to step 306R only at its first judgement. 

At step 306R. the period T. in which vehicle speed V reaches set value Vh. and an operation period t x m^ x 
(here, t is a sampling period, nris is number of data, and N^ is the number of FFT data) for performing operation with the 
spedficatibn of the FFT operation read before starting the process, are compared to see which Is larger. If the period, 

30 J, is less than, or equal to. the operational period, the process is advanced to step 307R. This indicates that the period, 
in which the vehicle speed V reaches the set value Vh, Is shorter than the FFT operation period. Normally, such cases 
frequently appear during an acceleration state before entry into high speed traveling. Therefore, if the tire air pressure 
is low, it is required to speed up the FFT operation period as tost as possible to generate an alarm for low tire air pres- 
sure. 

35 Therefore, at step 307R, a possible number N^ , (truncated at radix point) corresponding to maximum number of 
cycles of the FFT operation within a period T, is derived. At step 308R. the number N^' is set as the number of the FFT 
data (SUM). Subsequently, at step 309R. flag F is set to "1". Then, the averaging process is performed at step 31 OR. 
and the moving averaging process is performed at step 31 1 R. At step 312R, with the foregoing number Ng* of the aver- 
aging process cycles, resonance frequency f k is calculated. On the basis of resonance frequency fK, determination of 

40 decreased tire air pressure is performed at step 313R. If fK ^ f^ displaying of alarm Indicating decreased tire air pres- 
sure is performed at step 31 4R. 

On the other hand, when the answers at steps 304R and 306R are negative or the answer at step 305R is positive, 
the process is advanced to step 31 5R. where the number of FFT operation cycles (N) are compared to the number of 
FFT data (SUM). If N < SUM, the process is advanced to the averaging process of step 31 OR. However, if N < SUM or 

45 fK > fj. the tire air pressure detecting processes at step 302R and subsequent steps are performed. 

As set forth above, the eighteenth embodiment raises the response speed for the air pressure detection by short- 
ening the operation time to quiddy engage the alarm when the tire air pressure is decreased, thereby enhancing safety 
when the tire air pressure is low in the acceleration state for entering into a highway. 

It should be noted that while the present embodiment varies the specification of the FFT operation corresponding 

so to the vehicle speed V, it is possible to vary the specification according to the vehicle speed variation rate dV/dT. 

The nineteenth embodiment will be explained with reference to the flowchart of Fig. 50 and Figs, 51, 52 and 53. 
Fig. 51 shows a waveform in a time sequence of vehicle speed v which is calculated by ECU 4. It should be noted that 
in the waveform, a low frequency signal component of the wheel speed signal is cut by a filter As shown in Fig. 51(a) 
and (b). on a relatively smooth road, the variation magnitude Av of the wheel speed is small, and on a rough road, the 

55 variation magnitude becomes large. The resonance frequency fK. employed as a detection parameter for the tire air 
pressure, is adapted to detect the resonation phenomenon of the unsprung mass. Because resonation appears with a 
large magnitode on rough roads, the resonance frequency f k can be easily detected to permit the SMP (number of data) 
and the SNM (number of the FFT data) as the specification of the FFT operation. Conversely, on smooth roads, SMP 
and SNM are required to be increased for higher detection precision. 



12 

BNSDOCID: <EP 0783982A1_I^> 



EP0 783 982 A1 



The present embodiment has been worked out in view of the point set forth above. 

Fig. 52 shows a map of SMP relative to variation magnitude Av of the wheel speed, and Fig. 53 shows a map of the 
SUM relative to the variation magnitude Av of the wheel speed. Both maps are stored in ECU 4. 

Upon starting the signal processing by the ECU 4 in response to turning ON of the Ignition switch, vehicle speed V 
5 is calculated at step 402S. and variation magnitude AV of the wheel speed is derived at step 403S. Discrimination of the 
road surface condition is performed for discriminating between the rough road and the smooth road with preliminarily 
set wheel speed variation magnitudes Av^ and Avg. Then, at step 403S, the SMP corresponding to the vehicle speed 
variation magnitude Av is derived from the map of Fig. 52, the SUM is derived from the map of Fig. 53. and the specifi- 
cation of the FFT operation is updated. The FFT operation, integration process of the number of operation cycles at step 
10 404S, the subsequent judgement of the number of operation cycles, the averaging process, the moving averaging proc- 
ess, the calculation of resonance frequericy fK. the calculation of Af. the comparison between resonance frequency fK 
and the reference value fL, and the detection process of the tire air pressure are similar to those of the seventeenth 
embodiment, and thus the flowchart of the corresponding portion, and the detailed description, therefor are neglected. 
It should be noted that multiple wheel speed variation magnitudes Av^ and Av2, which are used for discrimination 
15 between the rough road and the smooth road, are simultaneously set depending upon the road surface condition. 

The above-mentioned embodiment varies the specification of the FFT operation by modifying the signal extraction 
period with discrimination of the road surface condition. It does so on the basis of maximum and minimum wheel speed 
variations, and it permits detection of decreased tire air pressure over short periods while on non-paved roads or off- 
road traveling. 

20 Next, explanation will be given for the twentieth embodiment. In Fig. 54. steps 1 0OT ~ 1 07T are similar to the fore- 
going embodiment and will therefore be neglected. When the process at step 170T is executed, the initially calculated 
resonance frequency f k is stored as an initial resonance frequency fg. 

Then, through steps 180T ~ 240T processes are performed for correcting unsprung mass resonance frequency 
upper limit value fn and unsprung mass resonance frequency lower limit value ft corresponding to the allowable upper 

25 and lower limit values (for instance, upper limit value is 2.5 kg/cm^ and lower limit value is 1 .4 kg/cm^) of the tire air pres- 
sure while taking into consideration heating of the tire which is generated during high speed running for a long period 
of time. Namely, when the tire is heated, the air in the tire is expanded to raise the tire air pressure, despite the same 
amount of air contained in the tire. Thus, it is impossible to detect the tire air pressure based on the actual amount of 
air in the tire. Therefore, through steps 1 SOT ~ 240T, unsprung mass resonance frequency upper limit value fn and uns- 

30 prung mass resonance frequency lower limit value ft arie corrected to allow accurate detection of the tire air pressure 
irrespective of tire heating. 

At step 180T, determination is made as to whether wheel speed v exceeds predetermined speed v-p and whether 
rising difference Af (= f^ - fs) is equal to, or greater than, the predetermined difference Afo, or not. The predetermined 
difference Afo is preliminarily set with reference to the initial resonance frequency fs by taking heating characteristics of 

35 the tire into consideration. If the above determination is YES, the vehicle is running at high speed and the resonance 
frequency increases. Therefore, the tire can be regarded as heated. Then, the process is advanced to step 190T to bet 
flag F equal to "1 therisby indicating that unsprung mass resonance frequency upper limit value fn and unsprung mass 
resonance frequency lower limit value fL are con-ected. Next, the process is advanced to step 200T to perform a tem- 
perature dependent correction. This is done by adding the rising difference Af to the unsprung mass resonance fre- 

40 quency upper limit value f h' and unsprung mass resonance frequency lower limit value f l\ before correction for the heat, 
and to derive unsprung mass resonance frequency upper limit value fn and unsprung mass resonance frequency lower 
limit value fL. 

On the other hand, when judgement NO is made at step 180T. the process is advanced to step 21 OT to determine 
whether wheel speed v is equal to. or lower than, predetermined speed y/j and whether rising difference Af is smaller 

45 than predetermined difference fo- Here, if both answers are YES. the vehicle is running at a low speed and the reso- 
nance frequency decreases. Therefore, the tire can be regarded as not heating. Then, the process Is advanced to step 
230T to set flag F to "0", thereby indicating that unsprung mass resonance frequency upper limit value f h and unsprung 
mass resonance frequency lower limit value fL are con-ected. Next, the process is advanced to step 240T. to set uns- 
prung mass resonance frequency upper limit value fn and unsprung mass resonance frequency lower limit value fL 

so equal to unsprung mass resonance frequency upper limit value fH* and unsprung mass resonance frequency lower limit 
value fL* before heat responsive correction. 

On the other hand, iff the answer at step 21 OT is NO. two options exist. The first option is that wheel speed v is equal 
to, or lower than, predetermined speed vj. and the rising difference Af is greater than, or equal to, predetermined differ- 
ence Afo. The second option is that wheel speed v exceeds predetermined speed Vj and rising difference Af is lower 

55 than predetermined difference Afo- In either such case, straightfonward judgement cannot be made whether the tire is 
heated or not For instance, when the vehicle speed V exceeds predetermined speed Vj, and rising difference Af is 
smaller than predetermined difference Vq. Therefore, it can be determined that rising difference Af is temporarily low- 
ered if the preceding state is in conection; however, if not in correction, wheel speed v can be regarded as increased 
due to temporary acceleration of the vehicle. Thus, when this occurs, the preceding condition is maintained. Moreover. 
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when the answer is NO at step 210T. the process is advanced to step 220T to make judgement whether flag F which is 
indicative of the correction state is "r, or not. If flag F is "1". it can be regarded as being in correction, and the process 
is advanced to step 200T to continue correction. On the other hand, if flag F is "0", it can be regarded as not being in 
correction, and the process is advanced to step 240T so as not to perform correction. 

A timing chart of the processes of steps. 180T - 240T. set forth above can be illustrated as shown in Fig. 55. As 
can be dear from Fig. 55, when wheel speed v becomes higher than predetermined speed vj and rising difference Af 
becomes greater than predetermined difference Afo, correction is initiated. When wheel speed v becomes lower than 
predetermined speed v^. and rising difference Af becomes smaller than predetermined difference Afo, correction is 
released. Thus, once correction is initiated, the con-ection will only be released in response to lowering of both wheel 
speed V and rising difference Af . 

It should be noted that the above-mentioned embodiment shows an example of detecting decreases in tire air pres- 
sure based only on the resonance frequency of the unsprung mass of the vehicle in the fbnward and backward direc- 
tions. It is also possible to detect decreases in the tire air pressure only based on the resonance frequency in the 
upward and downward directions, or based on the resonance frequencies, in each of the upward, downward, fbnward 
and backward directions. 

Also, note that rising difference Af can be an initially set value instead of the derived value (f k -fs). 

The foregoing embodiment performs conection of both unsprung mass resonance frequency upper limit value fH 
and unsprung mass resonance frequency lower limit value fL for each wheel independently However, it may be possible 
to perform correction for unsprung mass resonance frequency upper limit value and unsprung mass resonance fre- 
quency lower limit value fL for all wheels simultaneously when the rising difference Af exceeds the predetermined dif- 
ference Afo- In this case, for the wheel in which rising difference Af exceeds predetermined difference Afo. rising 
difference Af is added to both unsprung mass resonance frequency upper limit value fH and unsprung mass resonance 
frequency lower limit value ft in the similar manner to step 200T For the wheels in which rising difference Af does not 
exceed predetermined difference Af©. the correction is performed with an average value. Afave. of the rising differences. 
Af, of the wheel. 

Until the predetermined vehicle speed is reached, the initial resonance frequency may be set either with an aver- 
age value of resonance frequencies derived, or. in the alternative, with the final value of resonance frequencies derived. 
Next, the twenty-first embodiment of the present invention will be discussed. 

The above-mentfoned twentieth embodiment makes correction of unsprung mass resonance frequency upper limit 
value fH and unsprung nfiass resonance frequency lower limit value fu as an approach for heating of the tire. In addition 
to the effect in the twentieth embodiment, the twenty-first embodiment makes correction of unsprung mass resonance 
frequency upper limit value fH and unsprung mass resonance frequency lower limit value fi, for preventing bursting or 
standing wave phenomenon which are caused by increasing the vehicle speed. 

Typically, the tire has a range off the applicable vehicle speeds which depend upon its grade, and the minimum and 
maximum air pressures to be maintained with respect to the vehicle speed are set as reference values (allowable lower 
limit value is and allowable upper limit value is PJ. However, if the tire air pressure is low when the vehicle speed is 
increased, bursting or standing wave phenomenon may occur. Thus, it is desirable to raise the overall allowable tire 
pressure range by raising the allowable lower limit value. Pq, and the allowable upper limit value. P^. The twenty-first 
embodiment provides a solution therefor, and it adds a correction value for initial unsprung mass resonance frequency 
upper limit value fn" and unsprung mass resonance frequency lower limit value with respect to the vehicle speed. 

Accordingly, in the twenty-first embodiment, between steps 170T and 180T the processes illustrated in Fig. 56 are 
performed. 

In Fig. 56. at step 171U, determination is made whether wheel speed v exceeds a first speed, vq (v < vq). If the 
wheel speed v does riot exceed the first speed vq. it can be regarded that the traveling speed is not too high. Thus, the 
corrections for initial unsprung mass resonance frequency upper limit value fn" and unsprung mass resonance fre- 
quency lower limit value fL" are unnecessary. Therefore, the process is advanced to step 172U. where the initial uns- 
prung mass resonance frequency upper limit value fn" and unsprung mass resonance frequency lower limit value fL" 
are set equal to unsprung mass resonance frequency upper limit value fH* and unsprung mass resonance frequency 
lower limit value fL* before heating dependent correction. When wheel speed v exceeds the first speed Vq. the process 
is advanced to step 173U to determine whether wheel speed v exceeds second speed Vh (Vq < Vh). Here, if wheel 
speed V does not exceed the second value Vh, the process is advanced to step 174U to derive unsprung mass reso- 
nance frequency upper limit value fn' and unsprung mass resonance frequency lower limit value fL* before the heating 
dependent correction. This is done by adding a correction value AO* to unsprung mass resonance frequency upper limit 
value fn". and by adding a correction value AQ to unsprung mass resonance frequency lower limit value fL". 

If the vehicle speed exceeds the second speed vh. the process is advanced to step 175U to determine whether 
wheel speed v exceeds a third speed, vv (vh < Vv). or not If wheel speed v does not ^ceed third speed Vv at step 
176U. unsprung mass resonance frequency upper limit value f„' and unsprung mass resonance frequency lower limit 
value fL are corrected before the heating dependent correction. This is done by adding correction value AH' to unsprung 
mass resonance frequency upper limit value fn". and by adding the correction value AH to unsprung mass resonance 
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frequency lower limit value f|_". Therefore, if the vehicle speed exceeds the third speed vy. the process is advanced to 
step 177U to derive unspcung mass resonance frequency upper limit value fH* and unsprung mass resonance fre- 
quency lower limit value fL* before the heating dependent connection. This is done by adding a correction value AV to 
the unsprung mass resonance frequency upper limit value fH*. and by adding a correction value AV to the unsprung 

5 mass resonance frequency lower limit value fL*. 

The result of the processes in the foregoing steps, 171 U - 177U may be illustrated as shown in Fig. 57. When 
wheel speed v is lower than predetermined speed Vq. initial unsprung mass resonance frequency upper limit value fn" 
is set equal to unsprung mass resonance frequency upper limit value fn*. and unsprung mass resonance frequency 
lower limit value fL*' is set equal to unsprung mass resonance frequency lower limit value fL* before the heating depend- 

10 ent correction. When wheel speed v is increased, initial unsprung mass resonance frequency upper limit value fn" and 
unsprung mass resonance frequency lower limit value fL" are corrected. This unsprung mass resonance frequency 
upper limit value fn' and the unsprung mass resonance frequency lower limit value ii are gradually increased before 
the heating dependent conection. Consequently, allowable lower limit value Pq and allowable upper limit value are 
also increased to raise the overall allowable range of the tire air pressure, thereby preventing the bursting or the stand- 

75 ing wave phenomenon. 

The above-mentioned embodiments are established in view of the same type of tires. If any of the tires are different 
in type, the tire air pressure may also be different, and the reference value (unsprung mass resonance frequency) for 
determining decreases in tire air pressure may correspondingly change even when the unsprung mass resonance fre- 
quencies are the same. Therefore, depending upon the type of the tire to be equipped, the reference value for discrim- 

20 inating abnormalities in the tire air pressure has to be set. As a result of study made by the inventors, it has been found 
that there are definite differences in the tire air pressure (unsprung mass resonance frequency characteristics) between 
a normal radial tire and a stadless tire (winter tire). These are demonstrated in Fig. 58. 

In Fig. 58, the fluctuation range of the unsprung mass resonance frequency of the normal radial tire (hereinafter 
simply referred to as radial tire) is shown by reference A in Fig. 58. It has a higher range than that of the unsprung mass 

25 resonance frequency of the stadless tire which is shown by the reference sign B. This fluctuation depends on differ- 
ences of tire manufacture (brand), and on the weight of the wheel to which the tire is equipped. A^^^ and B^^x show 
the upper limit characteristics of the fluctuation in the case where the lightest wheel is employed, and A^in and Bn^jn 
show the lower limit characteristics of the fluctuation in the case where the heaviest wheel is employed. This is because 
unsprung mass resonance frequency f is proportional to (k/m)'^ (where m is an unsprung mass weight, k is a spring 

.30 constant of the tire). 

Here, assuming tiiat the tire air pressure range (kg/cm^) for alarm is defined by a lower limit Pl and an upper limit 
Ph. the reference resonance frequency (unsprung mass resonance frequency) fL for determining the radial tire air pres- 
sure becomes f ra- Similarly, tiie reference resonance frequency f l of the stadless tire becomes fsr For example, in this 
case, the minimum air pressure (1 .4 kg/cm^) as defined in JIS standard can be used. Also, the maximum air pressure 

35 (2.5 kg/cm^) as defined in JIS standard can be used for Ph- 

Hereinafter, tiie twenty-second embodiment will be explained with reference to the flowcharts of Fig. 59 and 60. 
Upon initiation of signal processing by ECU 4 in response to turning ON of the ignition switch, it is determined 
whether flag F is set to "1", or not, at step 101V. Again recall that flag F is reset to "0" by turning OFF of the ignition 
switch. Accordingly. Immediately after initiation of tiie signal processing, the result of step 101 V is negative, and the 

40 process proceeds to step 1 02V. 

At step 102V, determination is made whether both of selection switches, 6a and 6b, are in ON state, or not. If both 
are in the ON state, judgement Is made in step 105V that tiie stadless tires are used on all four wheels. Then, at step 
105aV. tiie reference resonance frequency fL is set equal to fsj for all four wheels. If the answer at step 102V is NO. the 
process is advanced to step 103V to determine whether both selection switches 6a and 6b are OFF. If botii of the 

45 switches are OFF. judgement is made that the radial tires are used on all four wheels at step 1 06V. Then, at step 1 06aV, 
reference resonance frequency fL is set equal to f^A for all four wheels. If the answer at stop 103V is NO. ttie process 
is advanced to step 104V. If, in step 104V. tiie selection switch 6a is determined to be in tiie OFF state, selection switch 
6b must be necessarily ON due to the results of prior tests. Therefore, in step 1 07V, judgement is made that radial tires 
are equipped on tiie two front wheels, and stadless tires are equipped on the two rear wheels. At step 1 07a V. reference 

so resonance frequency fL for the two front wheels is set equal to ff^, and reference resonance frequency fL for the two 
rear wheels is set equal to f 3j. 

If the answer at step 104V is NO, judgement is made at step 108V that tiie stadless tires are equipped on the two 
front wheels, and the radial tires are equipped on the two rear wheels. Then, at step 108aV. resonance frequency fL is 
set equal to f sr. and reference resonance frequency fL for two rear wheels is set equal to f ra- Therefore, the processes 

55 of steps 105V ~ 108V are performed alternatively. The processes subsequent to step 109V. illustrated in Rg. 60. are 
explained with respect to the case where stadless tires are equipped on two front wheels, and radial tires are equipped 
on two rear wheels. 

At steps 109V 117V. similar processes to those of the former embodiments are performed. 

Subsequentiy, at step 1 18V, when tiie derived resonance frequency. fK. is lower than, or equal to, reference reso- 
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nance frequency fgy for the stadless lire, or when it is lower than, or equal to. reference resonance frequency fp^ for the 
radial tire, judgement is made that tire air pressure is below the allowable lower limit value. Thus, the process Is 
advanced to step 1 19V to perform display of alarm to the driver on display portion 5. 

In the above-mentioned embodiment, by using combinations of ON and OFF of two selection switches 6a and 6b. 
the type of the tires equipped on the two front wheels and two rear wheels can be selected. Based on this selection! 
reference resonance frequency f^ is set equal to fsj in the case of stadless tires and to fpA in the case of radial tires. 
Therefore, even when the type of the tires are changed, the air pressure condition of the tires can be accurately 
detected. 

It should be noted that although the foregoing embodiment employs fsr and fRA as reference resonance frequen- 
cies, it is possible to use differences between the resonance frequencies fsro or Wo at the normal air pressure, and 
calculated resonance frequencies f kst or fKRA. as reference resonance frequencies (fsjo - ^kst or fRAo -^kra)- 

The twenty-third embodiment will be explained with reference to the flowchart of Fig. 61 and to Figs. 62 and 63. Fig. 
62 is an explanatory illustration for the case where the lowering of the tire air pressure is determined based on the rela- 
tionship between the resonance frequency and the tire air pressure. 

Upon initiating signal processing by ECU 4 in response to turning ON of the ignition switch, respective processes 
of steps 201 W - 208W are performed. Namely, calculating wheel speed v, discriminating the road surface condition, 
determining the road surface length, performing FFT operations and integrating the number of operation cycles, deter- 
mining the number of operation cycles, averaging, moving averaging, calculating the resonance frequency Ik. and cal- 
culating Af are each performed in a similar manner to those of the twenty-second embodiment. At subsequent step 
209W. determination is made whether flag F is set to "1 or not. The judgement at step 209W after initiation of process 
becomes negative, and the process is advanced,to step 210W since the flag F is reset to "0" by turning OFF of the igni- 
tion switch. 

At step 21 OW. determination is made whether the setting switch 16. shown in Fig. 63. is in ON state, or not. If not. 
the resonance frequency derived upon initiation of process is set as the reference resonance frequency fKo in step 

25 21 1 W. Thus, the lowering differences (f ko -fiO with the sequentially derived resonance frequency fK can be derived for 
comparison with a reference difference. Af = (f - f l) . which is between the above-mentioned fKo and the resonance 
frequency f^, and which corresponds to the tire air pressure lowering alarm pressure (Fig. 62). If (fKo - fK) ^ At. the proc- 
esses following step 201 W are performed. On the other hand, if (fno - fj > Af. the process is advanced to step 21 2W 
because the tire pressure is lowered below the allowable value, and the alarm is displayed for the driver on display oor- 

30 tion 5. 

When judgement is made at step 21 OW that the setting switch 16 is in the ON state, the process is advanced to 
step 213W. In this step, resonance frequency fK, which was derived immediately after turning ON setting switch 16, is 
set as me reference resonance frequency fKo for each of the four wheels independently. Then, at step 21 4W, flag F is 
set to "1", and the process returns to step 201 W. Accordingly, in the processes after turning ON the setting switch 16. 
a detectfon process for the tire air pressure is performed. This detection process includes comparing the difference 
between newly set reference resonance frequency fno and sequentially derived resonance frequency fK. and the differ- 
ence, Af. between the reference resonance frequency fKo and resonance frequency fL- 

The foregoing embodiment can set the derived resonance frequency Ik to the reference resonance frequency fKo 
with respect to a normal tire air pressure upon changing of the tire, or upon turning ON of setting switch 1 6 by the driver 
after the tire changing operation. Therefore, the tire air pressure can be detected with high precision irrespective of the 
type of new tires used. 

It should be noted that while the reference resonance frequency fKo can be set independently for each of the four 
wheels as mentioned above, it is also possible (1) to set at an average value of the resonance frequencies, fK, derived 
with respect to each of the four wheels. (2) to set at an average value of two wheels excluding the maximum and mini- 
mum values, or (3) to set the maximum or minimum value of the resonance frequencies fK. as the reference resonance 
frequency f ko for respective four wheels. 

The twenty-fourth embodiment will be explained with reference to the flowchart of Fig. 64. wherein steps 201 X - 
209X are the same as steps 201 W 209W of Fig. 61 . 

At step 209X, determination is made whether flag F is set to "r. or not. If the answer is negative, the process is 
so advanced to step 21 3. On the other hand, when the answer is positive, the process is advanced to step 211. 

The foregoing embodiment regards the tire air pressure immediately after starting of running of the vehicle as nor- 
mal, neglecting setting switch 16. and it sets the resonance frequency fK derived immediately after starting the tire pres- 
sure detecting process equal to reference resonance frequency fKo- Thus, a decrease in the tire air pressure which 
occurs during running can be detected inespective of the tire type. It should be noted that the above-mentioned refer- 
55 ence resonance frequency. fKo. can be set in the above-mentioned manner of (1) - (3), similarly to the case of the 
twenty-third embodiment. 

Next, the twenty-fifth embodiment will be explained. The present embodiment uses an effective rolling radius and 
the unsprung mass resonance frequency to determine the type of the tire. Namely, as shown In Fig. 65. the effective 
rolling radius and the unsprung mass resonance frequency fs become substantially constant depending on the type 
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of the tire. For Instance. In the drawing, line x is normal radial tire, line y Is stadless tire, and line z is a low profile tire, 
each of which corresponds to the previously explained types of tire. Based on both values, the type of the tire can be 
determined. Therefore, a tire changing judgement map is stored in electronic control unit 1 . 

The signal processing of electronic control unit 1 for alarming by detection of the air pressure will be explained with 
. 5 reference to the flowcharts of Figs. 66 and 67. 

Upon initiation of the process by turning ON of the ignition switch, wheel speed v is derived on the basis of the sig- 
nal from the wheel speed sensor In step 101 Y Immediately after ignition, when the effective rolling radius is not yet sub- 
ject to a centrifugal force, flag F Is checked at step 102Y If the flag F is not set to "1". the process is advanced to step 
103Y and subsequent steps. It should be noted that wheel speed v is calculated by waveshaping the output signal of 
10 the wheel speed sensor, and by dividing the number of the resultant pulses with a corresponding period. 

At step 1 03Y, vehicle speed V is detected by means of a doppler type vehicle speed meter, or by a rotational speed 
of a transmission rotary shaft. At step 104Y, tire load radius is derived on the basis of vehicle speed V and wheel 
speed V. 

At steps 1 05Y and 1 06Y the frequency analysis by way of fast Fourier transformation (FFT) operation is performed 
IS with respect to the wheel speed. The process is repeated until the number of operation cycles of the frequency analysis. 
K. reaches a predetermined number. Kq. At step 107Y the derived values through the frequency analysis are averaged 
to calculate the unsprung mass resonance frequency, fs, on the basis of the results of averaging (step 108Y). 

At step 109Y. effective rolling radius and unsprung mass resonance frequency fg derived at step 108Y are used 
to discriminate the type tire by utilizing the map of Rg, 65. At subsequent step 1 10Y on the basis of the map of Fig. 68. 
20 the discrimination reference values for the unsprung mass resonance frequency corresponding to the discriminated 
kind of the tire, fLg. fLb. itc ^Ha. *Hb. ^hc are selected to store fL and as an alarming reference value. 

Thereafter, flag F Is set to "1" (step 11 1 Y). By this, steps 103Y 1 10Y which are used to determine a tire change 
are executed only immediately after ignition of the vehicle. It should be noted that, in practice, the foregoing step. 1 1 0Y 
is executed only when H is determined in step 109Y that tires are changed on either the two drive wheels, or on all four 
25 wheels. 

The process of Fig. 67 is the same as the foregoing embodiment- 
It should be noted that. In the present embodiment, the discrimination of the tire type at step 109Y of Fig. 66 may 

be performed with a regional map as illustrated in Rg. 69. instead of the linear map shown in Fig. 65. Depending upon 

which X region. Y region, and 2 region, the effective rolling radius and the unsprung mass resonance frequency, are 
30 included, discrimination between the normal radial tire, the stadless tire, and the low profile tire is made. Even In this 

case, the alarming reference value Is finally modified only when changing of tires Is checked with respect to either the 

two drive wheels or on all four wheels. 

With such construction, an effect similar to the former embodiment can be achieved. 

Furthermore, determination of the tire type can be performed by employing the matrix shown in TABLE 1 . Namely, 
35 it Is made using nine kinds of matrices based on variation In effective rolling radius rs and unsprung mass resonance 
frequency fs which are measured upon starting of running, with reference to tire load radius and unsprung mass res- 
onance frequency fg upon delivery from the factory. 



40 



45 



SO 



55 



BNSDOCID: <EP_ 0783982A1 I > 



17 



EP 0 783 982 A1 





Tire Load Radius fr 1 


Decreased 


Unchanged 


Increased 


Unsprung 
Mass 

Resonance 
Frequency 


Increased 


c 

(how 
Profile 
X xx^e ) 


c 

(Low 

Profile 
Tire) 


mmmm. 


Unchanged 


c 

(Low 

Profile 

Tire^ 


a 

(Nonnal 
Tire) 


b 

(Stadlese 
Tire) 


Decreased 


(3Wc>rmai 


b 

(Stadless 
Tire) 


b 

( Si:adless 
Tire) 



For instance, when a normal radial tire Is used, the unsprung mass resonance frequency is decreased due to 
decreasing tire air pressure, and the effective rolling radius is also decreased. Conversely, upon supplying tire air pres- 
sure, the effective rolling radius is increased corresponding to increased unsprung mass resonance frequency. This 
characteristic is illustrated in the matrix as portions a. 

When stadless tires are being used, since the employed rubber is soft, the unsprung mass resonance frequency 
becomes generally low. Therefore stadless tires correspond to portions b in TABLE 1 . On the other hand, when low pro- 
file tires are being used, since the low profile tire generally has a high tire spring constant, the unsprung mass reso- 
nance frequency is generally high. This corresponds to portions c in TABLE 1 . 

In this case, the hatched portion of TABLE 1 is a difficult portion to discriminate between the normal radial tire and 
other tires. However, with aggregating the results of the discrimination for the other wheels, it can be predicted, because 
it is rare to cause lowering, or rising of the air pressure for two or four wheels simultaneously Therefore, judgement can 
be made that the tires are changed. When the unsprung mass resonance frequency and the effective rolling radius are 
decreased simultaneously at four or two of the wheels, it can be inferred that the tires are changed to the stadless tire. 
Conversely, when both or all four have risen, judgement can be made that the tires have been changed to low profile 
tires. 

Even with the present embodiment, effects similar to those in the foregoing embodiment can be achieved. 

It should be noted that either a value at an optimal air pressure of the normal radial tire, or a value immediately 
before the vehicle stops, can be used for the above-mentioned reference values ro and fp. 

Also, in each above-mentioned embodiment, the value itself of the tire air pressure, as well as the abnormal alarm 
of the tire air pressure may be displayed directly. 

Next, the twenty-sixth embodiment will be discussed. Causes of decreased tire air pressure may be natural leakage 
with relatively moderate lowering, or puncture due to running over a naif or so forth, where the cause having the highest 
frequency of occurrence is lowering of the tire air pressure due to puncture. However. It is rare that the puncture is 
caused at left and right wheels simultaneously Also, a variation of the unsprung mass weight which affects the upward, 
downward, forward and backward resonance frequency components in the unsprung mass of the vehicle is changing 
of the tire or wheel materials. Generally however, it cannot be expected to different the tire and wheel combinations at 
the left and right wheels. Therefore, by deriving and comparing the resonance frequencies of the left and right wheels 
with respect to each of the drive wheels and driven wheels, judgement can be made that the tire air pressure has 
decreased in the tire which has the lowest resonance frequency That Is only if there is definite difference between the 
resonance frequencies. In the present embodiment, control is performed using the foregoing point. Specifically, the 
process of step 1 092 in Fig. 70 is performed in a manner illustrated in Fig. 71 . 

At step 201 Z, resonance frequency fu. derived with respect to the left side wheel of the front or rear wheel, is com- 
pared with the resonance frequency fp. derived with respect to the right side wheel. At steps 202Z and 203Z. higher 
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resonance frequency is set as f^Ax and lower resonance frequency to f^iN- At a subsequent step 204Z. the minimum 
value Pmin of the tire air pressure, with respect to the resonant frequency f^iN, is derived from a relationship between 
the resonance frequency (Hz) and the tire air pressure (kg/cm^). This is because, when the unsprung mass weight is 
varied by varying the tire, wheel material or so forth, the relationship between the resonance frequency and the tire air 

5 pressure fluctuates as shown by the hatched region in Fig. 72 so that different tire air pressures will be obtained even 
when the resonance frequency remains the same. 

Then, the process is advanced to step 205Z to compare the minimum value Pmin of the tire air pressure with a 
threshold level Pjh set for detecting abnormal decreases in tire air pressure. If P^in < Pjh. the process jumps to step 
209Z to display an alarm indicative of the abnormal decreases in tire air pressure on display portion 5. This process can 

10 be a preventive measure for the case where the tire air pressures of both of the left and right wheels are lowered simul- 
taneously. 

It should be noted that in the foregoing, the decreases in tire air pressure can be determined by employing reso- 
nance frequency f^Ax. instead of resonance frequency fMiN. Selection of fwiN or ^max »s made by taking the degree of 
the tire air pressure decrease for the left and right wheels. In other words, the relative magnitude of decrease in the tire 
15 air pressure between the left and right wheels on the actual vehicle or so forth into consideration. However, the relation- 
ship between the resonance frequency and the tire air pressure shown in Rg. 72, is preliminarily stored in the form of 
a map in ECU 4. 

If Pmin ^ Pth at step 205Z, the process is advanced to step 206Z, where a difference, Af between resonance fre- 
quencies fwAX and i^m of the left and right wheels, is derived. As set forth above, when the unsprung mass weight is 

20 varied via tire variation, wheel material or so forth, the characteristics between the resonance frequency and the tire air 
pressure are also varied. Accordingly, as shown in Fig. 73, the difference, Af^, is between resonance frequency f^N 
which corresponds to normal tire air pressure, P^, (shown as characteristic curve (A)) and resonance frequency fAw 
which corresponds to abnormally decreasing tire air pressure. This becomes greater than the difference. Afe. which is 
between resonance frequency feN which corresponds to the normal tire air pressure Pn (shown as characteristic curve 

25 (B)) and resonance frequency few which corresponds to the abnormally decreasing tire air pressure. Therefore, there 
is a possibility of causing erroneous detection of abnormally decreasing tire air pressure when using simple comparison 
of the difference. Af. which is between the resonance frequencies fwAx and f^iN. Thus, threshold level fxH. which is the 
difference between the resonance frequencies, is unconditionally determined for judgement of abnormally low tire air 
pressure. 

30 Assuming that the variation of the unsprung mass coefficient factor in the left and right wheels is caused only by 
the difference of the tire air pressures at those wheels, the influence for the resonance frequency caused by the uns- 
prung mass coefficient factors can be absorbed. This can be done by obtaining and using characteristic charts which 
relate the normal tire air pressure to the decreased alarming tire air pressure (shown in Fig. 74) with respect to various 
combinations of the tire and wheels. Then, by searching for the maximum resonance frequency, f max. which is regarded 

35 as normal tire air pressure. It should be noted that the characteristic chart shown in Fig. 74 Is stored in ECU 4. 

Accordingly, at step 207Z. threshold level fjH is obtained from the map stored in ECU 4 with respect to resonance 
frequency f^Ax. and is regarded as normal tire air pressure. Then, the process is advanced to step 208Z to compare 
resonance frequency difference Af with new threshold level fjH map. If Af <> ij^, the alarm indicative of abnormal 
decreasing of the tire air pressure is displayed on display portion 5 at step 209Z. On the other hand, if Af < fjH. the proc- 

40 ess simply returns. 

It should be noted that, depending upon the vehicle traveling condition, different cases may be either dangerous or 
not dangerous given the same tire air pressure. Therefore, the map shown in Fig. 75 Is provided with a plurality of char- 
acteristic curves which may be used for deriving threshold level frH for the resonance frequency difference con-espond- 
ing to the vehicle speed and cornering condition. 

45 The foregoing embodiment can improve reliability by avoiding erroneous detection of abnormally low tire air pres- 
sure. It does so by correcting tiie threshold level fjH for the resonance frequency difference with the resonance fre- 
quency f^AX' which is regarded to be normal tire resonance frequency fwAx is regarded as normal tire resonance 
frequency because tiie relationship between the variation magnitude (Af) of the resonance frequency of both left and 
right wheels, and tiie variation magnitude of the tire air pressure may be affected by the unsprung mass coefficient fac- 

50 tor. 

On the other hand, there is provided a solution for natural leakage, where the tire air pressure of left and right 
wheels are lowered simultaneously By setting f^AX or fwiN of ttie resonance frequencies of the left and right wheels as 
the threshold value for judgement, an absolute limit value can be set. In this case, with respect to fluctuation of charac- 
teristics between the resonance frequency and the tire air pressure, which depends upon tiie type of ttie tire and wheel 
55 used, the set threshold value for judgement may be adjusted by selecting set absolute limit value, as well as selections 
of either f max or f^iN for the resonance frequency 

Next, discussion will be given for the twenty-seventh embodiment witti reference to Fig. 76. In steps 101a 108a. 
the same processes to those in the former embodiment are performed. Then, at step 109a. determination is made 
whettier tiie derived resonance frequency, f k, is lower than or equal to, predetermined air pressure lowering discrimina- 
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tion value Next, at step 1 1 0a. variation rate dfK of resonance frequency within the unit of period is conpared with 
judgement value (AfK/At) to determine the degree of decrease in the tire air pressure. Here. is the difference 
between the calculation result of the resonance frequency in the current cycle and the calculation result from the pre- 
ceding cycle, and At is an elapsed period therebetween. When the variation rate is less than, or equal to. the foregoing 

5 judgement value, namely in the case of gradual decrease in the tire air pressure, the process is advanced to step 111a 
to set a counter. Subsequently, at step 1 12a, determination is made whether the derived variation rate of the derived 
resonance frequency, fK, is smaller than, or equal to the judgement value, and whether it has remained smaller than, or 
equal to, the tire air pressure lowering discrimination value fL for Mq times. If the answer at step 1 12a is positive, the 
process is advanced to step 1 1 3a to display the alarm indicating low tire air pressure for the relevant tire, 

10 On the other hand, when the answer step 109a is negative, the counter value is initialized to "0" for counting the 
number of sequential processes of step I09a and subsequent steps. Also, when the variation rate of resonance fre- 
quency fK Is greater than the judgement value as checked in step 1 10a, judgement Is made that the tire air pressure Is 
abruptly lowered due to occurrence of abrupt leakage of the tire air pressure. Therefore, the process jumps to step 1 1 3a 
to permit alarming display of the foregoing content. 

15 It should be noted that once the alarming display has initiated in step 1 13a, the present embodiment maintains 
alarming display until the vehicle stops. Then, upon restarting the vehicle by turning ON the ignition switch, if the reso- 
nance frequency, f k. is higher than the air pressure judging value, the tire air pressure detection state Is released to ter- 
minate alarmihg display. However, if the resonance frequency, fK. is lower than, or equal to, the air pressure lowering 
judgment value, the alarming display is maintained until the next stop of the vehicle to repeat the foregoing steps. 

20 The foregoing embodiment can improve the reliability while avoiding erroneous detection by performing alarming 
for decreases in the tire air pressure based on the result of a two stage judgement in which the variation rate of reso- 
nance frequency fK Is obtained within a unit period. Determination is then made both as to whether or not the variation 
rate becomes smaller than, or equal to, the judgement value, and whether or not the variation rate continues to be less 
than, or equal to. the judgement value for cycles more than, or equal to, times. 

25 Although the embodiments have been disclosed in detail, the present Invention should not be limited to these 
embodiments. For instance, in Fig. 4. it is possible to detect the tire air pressure on the basis of variation of gain at a 
specific frequency or variation of the frequency at a specific gain. 

INDUSTRIAL APPLICABILITY 

30 ^ 

As set forth above, according to the present Invention, an attention is paid to the fact that the predetermined fre- 
quency component in the tire vibration frequency component varies according to variation of the spring constant of the 
tire, so that the air pressure condition of the tire is detected based on the variation of the frequency component. There- 
fore, the vehicular occupant can monitor the air pressure during traveling of the vehicle. In addition, with employing a 
35 device for adjusting the air pressure of the tire, the vehicular driving performance can be significantly improved. 

Claims 

1 . A tire air pressure detecting device comprising: 

40 

output means being Installed on a vehicle, for outputting a signal including a vibration frequency component of 
a tire while said vehicle Is moving; 

extracting means for extracting a resonance frequency component from said signal including said tire vibration 
frequency component; and 

45 detecting means for detecting a tire air pressure condition based on said resonance frequency component. 

2. A tire air pressure detecting device as set forth in claim 1 , wherein said outputting means comprises a wheel speed 
sensor for generating a signal corresponding to a rotation speed of a wheel. 

so 3. A tire air pressure detecting device as set forth in claim 1 . wherein said extracting means extracts said resonance 
frequency component from said signal output by said output means based on vibrations of an unsprung mass of 
said vehicle which are generated in at least one of a vertical direction and a longitudinal direction. 

4. A tire air pressure detecting device as set forth in claim 1 . wherein said detecting means preliminarily stores a res- 
55 onance frequency value as a reference resonance frequency, and detects lowering of said tire air pressure condi- 
tion based on a variation magnitude of said extracted resonance frequency relative to said stored resonance 
frequency value. 

5. A tire air pressure detecting device as set forth in claim 1 , wherein said detecting means preliminarily stores a rela- 
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tionship between said tire air pressure and said resonance frequency component, and predicts said tire air pres- 
sure from sai4 extracted resonance frequency based on said stored relationship. 

6. A tire air pressure detecting device as set forth in claim 1 . further comprising an alarming means for alarming a 
5 driver when a decrease in said tire air pressure condition to a level below a lower limit air pressure is detected by 

the detecting means. 

7. A tire air pressure detecting device as set forth in claim 1 . further comprising removing means for removing higher 
order components from said signal containing said tire vibration frequency component, said higher order compo- 
te nents including noise components appearing at frequencies which are integer multiples of a frequency correspond- 
ing to a number of wheel rotations within a unit period of time. 

8. A tire air pressure detecting device as set forth in claim 1. wherein said extraction means includes an extraction 
period varying means for modifying an extraction period. 

IS 

9. A tire air pressure detecting device as set forth in claim 1 . wherein said detecting means includes correcting means 
for correcting said reference value used to detect low tire air pressure based on a vehicle travelling speed. 

10. A tire air pressure detecting device as set forth in daim 1, which further comprises tire type selection means for 
20 selecting a type of tire which is equipped on said vehicle. 

11. A tire air pressure detecting device as set forth in claim 1. which further comprises tire type setectfon means for 
selecting a type of tire which is equipped on said vehicle, where said tire type selection means is a switch to be 
operated by a vehicular occi^ant. 

25 

12. A tire air pressure detecting device as set forth in claim 1, which further comprises tire type selection means for 
selecting a type of tire which Is equipped on said vehicle, where said tire type selection means selects said type of 
tire based on a tire load radius. 

30 13. A tire air pressure detecting device as set forth in claim 1 , wherein said detecting means comprises resonance fre- 
quency difference deriving means for deriving a difference between resonance frequencies for left and right wheels 
from said respective resonance frequencies, and judgment means for comparing said derived difference in reso- 
nance frequency with a judgment value. 

35 14. A tire air pressure detecting device as set forth in claim 1. wherein said detecting means determines tire air pres- 
sure abnormalities based on said resonance frequency component and outputs an abnormality signal when an 
abnormal tire air pressure is detected for more than a predetermined number of processing cycles. 

15. An apparatus for detecting a tire air pressure according to claim 1 , further comprising tire type selection means for 
40 selecting a type of tire which is equipped on said vehicle, wherein said tire type selecting means detemiines said 

tire type teased on a ratio between gains of a resonance frequency based on vibrations in a vertical direction and 
gains of a resonance frequency based on vibrations in a longitudinal direction. 

16. An apparatus for detecting a tire air pressure according to daim 1 , further comprising tire type selection means for 
45 selecting a type of tire which is equipped on said vehicle, wherein said tire type selecting means determines said 

tire type based on a deviation between a resonance frequency based on vibrations in a vertical direction and a res- 
onance frequency based on vibrations in a longitudinal direction. 

17. An apparatus for detecting tire air pressure according to claim 1, further comprising a weight judging means for 
so judging a weight of a wheel which is mounted to said vehicle. 

18. An apparatus for detecting a tire air pressure according to claim 1. further comprising a judging means forjudging 
a weight of a wheel which is mounted on said vehicle, wherein said judging means determines said weight of said 
wheel based on an amount of variation in a resonance frequency based on vibrations in a vertical direction. 

55 

1 9. An apparatus for detecting a tire air pressure according to daim 1 . further comprising a signal selecting means for 
selecting the signal containing the resonance frequency component which is used to determine a resonance fre- 
quency of said tire. 
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20. An apparatus for detecting a tire pressure according to daim 1. further comprising signal selecting means for 
selecting signal containing the resonance frequency component which is used to determine a resonance frequency 
of said tire» and a signal adjusting means for adjusting a signal level of said signal containing said resonance fre- 
quency component selected by said signal selecting means. 

21. A tire air pressure detecting device comprising: 

output means being installed on a vehide, for outputting a signal including a vibration frequency component of 
a tire while said vehicle is moving; 

extracting means for extracting a resonance frequency component from said output signal; 
storing means for storing at least a reference value, said reference value being based on a resonance fre- 
quency at normal tire air pressure; and 

detecting means for detecting a tire air pressure condition by comparing said extracted resonance frequency 
component with said stored reference value. 

22- A tire air pressure detecting device as set forth in claim 21 , wherein said storing means preliminarily stores a res- 
onance frequency value as said reference value, and wherein said detecting means detects lowering of said tire air 
pressure based on a variation magnitude of said extracted resonance frequency component relative to said reso- 
nance frequency value. 

23. A tire air pressure detecting device as set forth in claim 21 . wherein said storing means preliminarily stores a rela- 
tionship between tire air pressure and resonance frequency, and said detecting means predicts said tire air pres- 
sure from said extracted resonance frequency component based on said stored relationship. 

24. A tire air pressure detecting device comprising: 

output means being installed on a vehide. for outputting a signal including a vibration frequency component of 
a tire while said vehicle is moving; 

extracting means for extracting a resonance frequency component from said output signal; and 
detecting means for detecting a tire air pressure condition based on said resonance frequency component of 
said signal, said detection being made independent of resonance frequency components corresponding to 
other tires on said vehicle. 
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